Genetic variability is a hallmark of human immunodeficiency virus type 1 (HIV-1). Diverse HIV-1 genotypes have been identified in the worldwide AIDS epidemic; by comparison of nucleotide sequences in the env or gag regions, these viruses have been classified into subtypes A through H (major group, M) as well as the highly divergent groups N and O (outlier) (6) . The env glycoprotein of HIV-1 governs several viral properties (i.e., coreceptor usage, cell tropism, and cytopathicity) and is the major target for antiviral immune responses (10) . Thus, the high degree of sequence variability of HIV-1 env presents a significant challenge for antiviral vaccine development aimed at preventing infection and AIDS (32) . HIV-1 subtype E, identified as a unique subtype by phylogenetic analysis of sequences in env, was first discovered in Thailand (31, 37) . At present, subtype-E viruses are the most prevalent strains in Thailand and neighboring nations in Asia (33, 40 ; B. G. Weniger and T. Brown, Letter, N. Engl. J. Med. 335:343-345, 1996) and have also been found in Africa (4, 36, 41) . Recently, subtype-E viruses have begun to enter other continents (2, 4, 41, 43) .
The lack of an animal model for HIV-1 infection and fatal immunodeficiency has hindered the identification of the genetic determinants of transmission and pathogenesis of different viral subtypes. To address issues related to functions of HIV-1 genes in vivo, several investigators have constructed replication-competent recombinant viruses by substituting genes of the simian immunodeficiency virus (SIV) pathogenic clone SIV mac239 with various genes from HIV-1 subtype-B clones (38, 54) . These recombinants, or chimeras, are designated simian-human immunodeficiency viruses (SHIV). Infection of macaques with chimeric SHIV clones generally produces low-level infection with no clinical signs (21, 27, 49) . From these clones, pathogenic SHIV isolates were derived by serial passage (15, 18, 45) or after long-term infection of macaques (26, 51) . All of these chimeras contained the env gene of various subtype-B HIV-1 clones, including clones that utilize CCR5 (15) , CXCR4 (18, 26) , or both CCR5 and CXCR4 (45, 51) coreceptors. Several of these pathogenic chimeras were transmitted across mucosal membranes and produced fatal immunodeficiency disease (16, 17, 25, 26) .
An SHIV containing the env gene of subtype-E HIV-1 9466 , an isolate from Thailand, replicated in cultures of baboon lymphoid cells and established a low-level persistent infection without clinical signs in this species (20) . However, the utility of this chimera was limited by the finding that it did not infect cultures of rhesus macaque lymphoid cells, thus precluding assessment in macaques. HIV-1 CAR402 , a subtype-E viral isolate obtained from an AIDS patient in the Central African Republic (36) , exhibits about 20% sequence variation from subtype-E viral isolates from Thailand (13, 30) . Chimpanzees experimentally inoculated with this virus, by either the intra-venous (i.v.), or the intravaginal (IVAG) route, showed persistent infection without disease (3) . Virus molecularly cloned from an infected chimpanzee peripheral blood mononuclear cell (PBMC) culture was used to construct a chimeric virus, designated the SHIV-E-CAR clone, that contains the env ectodomain of HIV-1 CAR402 . This chimeric virus replicated efficiently in cultures of rhesus macaque lymphoid cells, in contrast to the chimeric virus containing the env gene of the subtype-E virus from Thailand (20) . Multiple serial passages produced a chimeric isolate that caused rapid depletion of CD4 ϩ T cells in peripheral blood and lymph nodes of juvenile macaques. Infection with SHIV subtype-E env through vaginal mucosal membranes was demonstrated in this monkey species. Thus, an SHIV chimera containing the subtype-E env gene and possessing pathogenic potential is now available for examining properties of the env gene in the virus-host relationship and as a challenge virus for evaluating vaccines for cross-subtype immunity.
MATERIALS AND METHODS
Cells and virus stocks. PBMC were obtained from healthy rhesus macaques free of simian type D retroviruses, SIV, and simian T-lymphotropic virus. These cells, purified from whole blood by Ficoll-Hypaque centrifugation, were stimulated with staphylococcal enterotoxin A and maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS), interleukin-2 (50 U/ml) (Chiron Corp., Emeryville, Calif.), and antibiotics (100 U of penicillin per ml and 100 g of streptomycin per ml). Mm221 cells (provided by R. Desrosiers, New England Regional Primate Research Center, Southboro, Mass.) are interleukin-2-dependent rhesus macaque T cells permissive for SIV and SHIV (1) . Human PBMC were isolated from a healthy blood donor stimulated with phytohemagglutinin. CEMx174 cells, a human hybrid T-cell-B-cell line (provided by J. Hoxie, University of Pennsylvania, Philadelphia), were maintained in RPMI 1640 medium supplemented with 10% FCS and antibiotics. PM-1 cells (obtained from R. Gallo, University of Maryland, Baltimore) are a human T-cell line permissive for primary as well as T-cell-line-adapted strains of HIV-1 (28) .
The SHIV-E-CAR clone was constructed by substituting the ectodomain of the envelope glycoprotein of SHIV-33 (27) with the counterpart of the HIV-1 CAR402 envelope region. Details of construction, involving various plasmids, are available from the authors upon request. A stock of cell-free SHIV-E-CAR was prepared by transfection of proviral plasmid DNA in RD-4 cells and cocultured with human PBMC. SHIV-E-P3 and SHIV-E-P4 were isolated from plasma of passage 3 and passage 4 macaques, respectively, and propagated in cultures of human PBMC. Culture supernatants were collected, tested for virus by an SIV p27 antigen capture enzyme-linked immunosorbent assay (ELISA) (Coulter Immunology, Hialeah, Fla.), passed through a 0.45-m-pore-size filter, and frozen in aliquots. The 50% tissue culture infective doses (TCID 50 ) of these viral stocks in CEMx174 cells were determined by end-point dilution with microtiter plates as described previously (29) .
Inoculation of macaques. All animals were colony-bred juvenile rhesus macaques (Macaca mulatta) free of simian type D retroviruses, SIV, and simian T-lymphotropic virus; these animals are housed at the California Regional Primate Research Center, Davis, in accordance with American Association for Accreditation of Laboratory Animal Care Standards. Before inoculation, 12 ml of blood from juvenile macaques was collected by venipuncture for complete blood count, including platelet count, T-lymphocyte phenotyping by flow cytometry, and preinfection plasma and PBMC samples. Peripheral lymph nodes were obtained by excisional biopsy, and portions of lymph nodes were fixed in formaldehyde. The scheme for inoculating macaques is shown in Fig. 1 . Two juvenile male (Mmu28729 and Mmu28863) and four female (Mmu30440, Mmu30471, Mmu28907, and Mmu28825) macaques were inoculated with a cell-free stock of SHIV-E-CAR via the i.v. or IVAG route. The SHIV-E-CAR clone was serially passaged through macaques by i.v. inoculation of cell-free virus for passage 1 (Mmu29514 and Mmu29579) and transfusion of blood and bone marrow for passage 2 (Mmu29585 and Mmu29512) and passage 3 (Mmu29509 and Mmu29581). Cell-free SHIV-E-P3 virus, isolated from passage 3 animals, was inoculated i.v. into two macaques (Mmu30904 and Mmu30932). Cell-free SHIV-E-P4 virus, isolated from passage 4 macaques, was inoculated into two male macaques (Mmu29127 and Mmu28780) by the i.v. route and two female macaques via vaginal mucosal membranes (Mmu29379 and Mmu29644). Animals were observed daily and weighed regularly by the California Regional Primate Research Center veterinary staff. Complete physical examinations were performed to monitor for weight loss, lymphadenopathy and/or splenomegaly, opportunistic infections, and any other clinical signs of disease.
Hematologic evaluation and T-lymphocyte immunophenotyping. Complete blood counts were obtained by a standard automated method (Biochem Immunosystems, Allentown, Pa.) with EDTA-anticoagulated blood. CD4 and CD8 T-lymphocyte immunophenotyping was performed by flow cytometry using a tricolor whole-blood lysis technique (Q-Prep; Coulter) (44) . Fifty microliters of whole blood or 5 ϫ 10 5 lymph node cells were incubated in the dark at 25°C with combinations of the following monoclonal antibodies conjugated according to the manufacturer's instructions: anti-CD3-fluorescein isothiocyanate (Pharmingen, San Diego, Calif.), anti-CD4-phycoerythrin (Becton Dickinson, Mountain View, Calif.), and anti-CD8-Leu2a-peridinin chlorophyl protein (Becton Dickinson). These samples were assayed by flow cytometry using a FACScan and analyzed with CellQuest software (Becton Dickinson).
Measurement of viral load. Levels of viral RNA in plasma were measured by a branched-DNA (bDNA) assay (Chiron-Bayer Diagnostics, Emeryville, Calif.). For the detection of associated virus loads in peripheral blood and lymph nodes, 10 6 PBMC or lymph node cells (and serial 10-fold dilutions of these cells) from each infected macaque were cocultured with 2.5 ϫ 10 5 CEMx174 cells per well, with four wells per dilution. These cocultures were monitored by light microscopy for cytopathology, and samples of culture supernatants were assayed for SIV p27 antigen by an ELISA (29) . Titers were calculated by the method of Reed and Muench (43a) to determine the number of infected cells per 10 6 total PBMC. To measure virus load in lymph node cells, peripheral lymph node samples were obtained by transcutaneous biopsy and aseptically teased into single-cell suspensions; cell numbers were determined by counting in a hemocy-FIG. 1. Plan for analysis and serial passage of the SHIV-E-CAR clone in rhesus macaques. Two juvenile male (Mmu28729 and Mmu28863) and four juvenile female (Mmu30440, Mmu30471, Mmu28907, and Mmu28825) macaques were inoculated with a cell-free stock of the SHIV-E-CAR clone via the i.v. or IVAG route. The SHIV-E-CAR clone was serially passaged through juvenile macaques by i.v. inoculation of cell-free virus for passage 1 (Mmu29514 and Mmu29579) and transfusion of blood and bone marrow for passage 2 (Mmu29585 and Mmu29512) and passage 3 (Mmu29509 and Mmu29581). Cell-free P3 virus, isolated from passage 3 animals, was inoculated by the i.v. route into two juvenile macaques (Mmu30904 and Mmu30932). Cell-free SHIV-E-P4 isolated from passage 4 juvenile macaques was inoculated into two juvenile macaques (Mmu29127 and Mmu28780) by the i.v. route and two female macaques via vaginal mucosal membranes (Mmu29379 and Mmu29644). These animals were monitored for hematological abnormalities, T-cell subsets, antibody responses, and viral loads in plasma, peripheral blood, and lymph nodes.
tometer. For detection of viral DNA in animals with an undetectable viral load, PCR amplification analysis of SIV gag was performed (35) .
Sequencing of viral DNA. For PCR amplification of viral DNA, two pairs of primers were used. One primer pair included a forward primer from the conserved SIV mac239 sequence (6,675 nucleotides [nt]) and a reverse primer 5Ј of HIV-1 CAR402 env (7,011 nt). Another primer pair contained a forward primer 5Ј of HIV-1 CAR402 env (6,472 nt) and a reverse primer 3Ј of the HIV-1 CAR402 env gp120/gp41 cleavage site (7,886 nt). Nucleotide positions are from the sequences of the SIV mac239 clone (GenBank accession number M33262) and HIV-1 CAR402 (GenBank accession number U51188). Oligonucleotide primers were designed with Amplify v1.2 (Bill Engels, University of Wisconsin, Madison). The forward primer was SIV-6675 or SHIV-640 (5ЈCTCTCTCAGCTATACCGCCCT or 5ЈC ACATGCCTGTGTACCCACA), and the reverse primer was SHIV-MK650 or SHIV-20771 (5ЈGTGTGCATTGTACTGAGCTGACATT or 5ЈGCCTGTACC GTCAGCGTTATTGAC, respectively). The DNA template for amplification was prepared from cultures of human PBMC infected with plasma from passage 4 animals at week 2 postinoculation (p.i.).
PCR was done with 2 to 5 l of cell lysate in a final volume of 50 l of the following reaction mixture overlaid with 40 l of mineral oil: 10 mM Tris-HCl (pH 8.3); 50 mM KCl; 1.5 mM MgCl 2 ; 200 M each dATP, dCTP, dGTP, and dTTP; 40 pmol of each primer; and 1 U of AmpliTaq DNA polymerase (PerkinElmer Cetus). This first reaction mixture with primers SIV-6675 and SHIV-MK650 was transferred to a DNA thermal cycler (Perkin-Elmer Cetus), with 1 cycle at 94°C for 2 min, 30 cycles at 94°C for 1 min and 64°C for 3 min, and incubation for 20 min at 72°C. The second reaction with primers SHIV-640 and SHIV-20771 was done with 1 cycle at 94°C for 2 min, 30 cycles at 94°C for 1 min, 65°C for 1 min 30 s, and 72°C for 3 min, and incubation for 20 min at 72°C. The 1,210-and 1,441-nt PCR products were Qiaex (Qiagen, Valencia, Calif.) purified after agarose gel electrophoresis and ligated to pCR2.1 using a TA cloning kit (Invitrogen, Carlsbad, Calif.). Plasmid clones were screened for insert size and sequenced. Amino acid alignment was done using GeneWorks (Oxford Molecular, Campbell, Calif.).
Determination of coreceptor usage. The coreceptor usage of envelope glycoproteins of the SHIV-E-CAR clone and SHIV-E-P4 were determined by using the human glioma cell line U87 expressing the CD4 gene and either of the coreceptors CXCR4 and CCR5 (U87-CXCR4 and U87-CCR5, respectively). These cells, obtained from the National Institutes of Health AIDS Reagents Program, were maintained in Dulbecco's modified Eagle medium (Gibco) with 10% FCS, 300 g of G418 per ml, and 1 g of puromycin per ml. U87 cells were cultured without puromycin. Viruses were inoculated onto 3 ϫ 10 4 U87, U87-CXCR4, or U87-CCR5 cells per well in 24-well plates at a multiplicity of infection of 0.03. After incubation at 37°C for 2 h, the cultures were washed three times with phosphate-buffered saline and maintained in the medium described above. Culture supernatants were collected at 5 days and assayed for SIV p27 antigen. SHIV-33A and SIV mac239 supernatants were analyzed as controls.
Nucleotide sequence accession numbers. The DNA sequences of the clones have been deposited in GenBank under accession no. AF251195 through AF251201.
RESULTS

Construction and in vitro analysis of subtype-E SHIV.
The SHIV-E-CAR chimera was constructed to contain the env ectodomain from subtype-E HIV-1 CAR402 (Fig. 2A) . Infectious virus was recovered from the SHIV-E-CAR clone by transfection of the human carcinoma cell line RD-4 followed by coculturing with human PBMC. Virus stocks were collected and titrated for TCID 50 in CEMx174 cells. To characterize SHIV-E-CAR in vitro, the replication kinetics of this virus in human and rhesus macaque cells were analyzed. The chimeric virus replicated efficiently in human lymphoid cell lines (PM-1 cells and CEMx174 cells) and in human PBMC. Syncytium formation and cytopathology were observed during 5 to 10 days of infection in both the human cell lines and the PBMC. Interestingly, this virus replicated efficiently in the rhesus Mm221 cell line and in cultures of rhesus macaque PBMC (Fig. 2B ). This result indicates that the SHIV-E-CAR clone is highly infectious and cytopathic in cultures of human and rhesus macaque T-lymphoid cells.
SHIV-E-CAR clone in juvenile macaques inoculated by the i.v. or IVAG route. The ability of a cell-free preparation of the SHIV-E-CAR clone to infect rhesus macaques parenterally or through mucosal membranes was evaluated. Cell-associated viral loads in peripheral blood and lymph nodes of inoculated animals were measured by coculturing of PBMC and lymph node mononuclear cells (LNMC) with CEMx174 cells. The level of plasma viremia was determined by a bDNA assay. Cytopathic effect and detection of p27 antigen by an ELISA were used to monitor the presence of virus in the coculture assay. T-cell subsets from these animals were analyzed by flow cytometry.
Two juvenile macaques inoculated once with 2,000 TCID 50 of SHIV-E-CAR by the i.v. route became viremic at the acute stage of infection. The viral loads in plasma transiently increased up to 1.1 ϫ 10 7 and 3 ϫ 10 7 copies per ml at weeks 2 p.i. in Mmu28729 and Mmu28863, respectively; thereafter, viral RNA levels declined to undetectable levels (Fig. 3A) . Absolute CD4 ϩ T-cell counts in PBMC of these animals were in the reference range of healthy macaques at all times during infection, and the CD4/CD8 ratios were higher than 0.5 (Table  1) . Neither animal showed signs of hematological abnormalities (data not shown). Viral infection, detected by isolation of virus from peripheral blood, persisted in Mmu28729 until 8 weeks p.i. and in Mmu28863 until 32 weeks p.i. (Table 2 ). Both of these animals exhibited antiviral antibody responses detected by an ELISA at 4 weeks p.i. (Table 3 ) and remained healthy during the observation period of 62 weeks. Taken together, these data demonstrate that the SHIV-E-CAR clone inoculated via the i.v. route established a productive infection in rhesus macaques.
Four female macaques were inoculated by two applications of the cell-free SHIV-E-CAR clone onto vaginal mucosal membranes. The dose of virus at each application was 35,000 TCID 50 in a total of 1 ml of culture medium. One animal in this group, Mmu30440, exhibited a peak plasma viral RNA level of 6.7 ϫ 10 6 copies per ml at 4 weeks; subsequently, this viremia declined to undetectable levels after 8 weeks (Fig. 3B) . Positive detection of cell-associated viral loads in peripheral blood and lymph nodes at all times during the course of infection (through week 32 p.i.) indicated that Mmu30440 was persistently infected with the chimeric virus ( Table 2 ). Mm28907 did not show detectable viral RNA in plasma (Fig. 3B) . However, this animal was positive for viral isolation from PBMC at the acute stage of infection; cell-associated virus was also detected in peripheral blood and lymph node cells at the chronic stage of infection (Table 2 ). In Mmu30471 and Mmu28825, virus was not detected in plasma, peripheral blood, or lymph nodes at any time until 32 weeks ( Table 2) . PCR amplification analysis with SIV gag primers did not detect viral DNA in PBMC collected from Mmu30471 and Mmu28825 at 12 weeks (data not shown). Absolute CD4 ϩ T-cell counts in peripheral blood of Mmu28907 showed a slight decline during the course of infection, but CD4/CD8 T-cell ratios remained in the reference (Table 3 ). These findings demonstrated that the SHIV-E-CAR clone established a persistent infection in two of four female macaques after IVAG exposure. The different degrees of viral infection in these animals suggest that host factors play critical roles in viral transmission via mucosal membranes.
Serial passage of the SHIV-E-CAR clone in juvenile macaques.
To augment the pathogenicity of the SHIV-E-CAR clone, rapid serial passaging of this virus in juvenile rhesus macaques was conducted (Fig. 1) . Cell-free chimeric virus was inoculated by the i.v. route into two juvenile macaques (Mmu29514 and Mmu29579) at 20,000 TCID 50 per animal. Blood and bone marrow (P1 virus) were collected from these animals at week 2 p.i., at the peak of viremia, combined, and transfused into passage 2 macaques (Mmu29585 and Mmu29512). Blood and bone marrow (P2 virus) were collected from passage 2 animals at week 2 p.i., at the peak of viremia, pooled, and transfused into passage 3 animals (Mmu29509 and Mmu29581). Cell-free P3 virus was isolated from plasma of passage 3 animals at week 2 p.i., at the peak of viremia. A stock of this virus, designated SHIV-E-P3, was prepared using human PBMC. Subsequently, SHIV-E-P3 (20,000 TCID 50 ) was inoculated i.v. into passage 4 animals (Mmu30904 and Mmu30932). SHIV-E-P4 was isolated from plasma of passage 4 animals at week 2 p.i., at the peak of viremia, and a stock of this virus was prepared using human PBMC.
i.v. and IVAG inoculation of serially passaged SHIV-E-P4 in juvenile macaques. A cell-free preparation of 10,000 TCID 50 of SHIV-E-P4 was inoculated into two juvenile rhesus macaques (Mmu29127 and Mmu28780) by the i.v. route (Fig. 1) . Both animals demonstrated CD4 ϩ T-cell depletion at levels ranging from about 100 to 300 cells/l through 8 weeks of observation; also, CD4/CD8 T-cell ratios declined to 0.1 (Table 1). The peak plasma viral RNA levels at 2 weeks p.i. were 6.3 ϫ 10 7 copies per ml for Mmu29187 and 4.3 ϫ 10 7 copies per ml for Mmu28780 (Fig. 4A) . Although viral RNA was not detected in the plasma of these two macaques at 8 weeks, cell-associated virus was found in lymph nodes and peripheral blood at this time (Table 1) . Both animals produced antiviral antibodies, first detected at 4 weeks ( Table 2) .
Two juvenile female macaques (Mmu29379 and Mmu29644) were also inoculated with two doses totalling 60,000 TCID 50 of a cell-free preparation of serially passaged SHIV-E-P4 through vaginal mucosal membranes (Fig. 1) . Beginning at 2 weeks in Mmu29379 and at 4 weeks in Mmu29644, the numbers of CD4 ϩ T cells declined to low levels through 12 weeks of observation; in addition, both animals showed a large decline in CD4/CD8 T-cell ratios ( Table 1 ). The plasma viral RNA level of macaque Mmu29379 was 3.6 ϫ 10 6 copies per ml at 2 weeks p.i., whereas plasma viral RNA was detected later, at 4 weeks p.i., in Mmu29644, at 4.9 ϫ 10 6 copies per ml (Fig. 4B ). Through 12 weeks of observation, cell-associated virus was detected in peripheral blood and lymph node cells of both animals (Table 2) , and they exhibited antiviral antibody responses, first measured at 4 weeks (Table 3) .
Sequence analysis of serially passaged SHIV-E-P4. The amino acid sequences encoded by the vpu gene, the env gp120 domain, and the first coding exons of tat and rev were determined for serially passaged SHIV-E-P4. The parental SHIV-E-CAR clone contains a stop codon at the second codon of the 28780  80  320  160  160  IP  29127  1,280  320  160  80  IP   IVAG  29379  40  160  20  20  IP  29644  20  160  160  80  IP a Determined with a commercial Genetic Systems HIV-1/HIV-2 peptide EIA kit (Sanofi Diagnostics Pasteur, Marnes-la-Coquette, France) and defined as the reciprocal of the highest dilution of these macaque sera above the cutoff value recommended by the manufacturer. IP, in progress.
vpu translation frame, whereas in SHIV-E-P4, the vpu gene is open for its full length (data not shown). Sequence analysis of several clones containing the env gp120 domain of SHIV-E-P4 revealed three amino acid changes, R424M, Q467H, and L501I, in all clones in comparison with the SHIV-E-CAR clone (Fig. 5) . The sequence R424-I425-K426-Q427, which is adjacent to the V4 loop, is highly conserved in HIV-1 subtype-B and subtype-E isolates; interestingly, these amino acids interact with the CCR5 coreceptor (48) . Whether the R424M change in SHIV-E-P4 or any of the other changes in the env amino acid sequence is significant for adaptation to the macaque host remains to be determined.
In vitro replication and coreceptor usage of serially passaged SHIV-E-P4. The replication kinetics of the SHIV-E-CAR clone, serially passaged SHIV-E-P4, and SIV mac239 in rhesus macaque PBMC cultures were compared. SHIV-E-P4 replicated at higher levels than the SHIV-E-CAR clone in these macaque cells (Fig. 6) . The replication of both SHIV was delayed compared to that of SIV mac239 (Fig. 6) . The coreceptor usage of the SHIV-E-CAR clone and serially passaged SHIV-E-P4 was analyzed. Virus production, measured by use of SIV p27 antigen, was detected in culture supernatants of U87-CXCR4 cells infected with either SHIV-E-CAR or SHIV-E-P4 (Table 4 ). Viral replication was not detected in U87-CCR5 cultures infected with these viruses. Controls for this coreceptor usage assay included SHIV-33A, which uses CXCR4, and SIV mac239 , which uses CCR5 (7).
DISCUSSION
A summary of the major findings on the virus-host relationship of rhesus macaques infected with chimeric viruses containing the env ectodomain of the subtype-E HIV-1 isolates is presented in Table 5 . The SHIV-E-CAR clone established a productive infection in juvenile rhesus macaques without clinical signs of immunodeficiency; this outcome was obtained in both i.v.-and IVAG-inoculated animals. Previous investigators demonstrated that serial passage of chimeric virus in macaques produced virus that exhibited a relatively high viral load, caused rapid depletion of CD4 ϩ T cells, and resulted in fatal simian AIDS (18, 45) . Accordingly, we performed serial passage of the SHIV-E-CAR clone in juvenile macaques by transfer of blood and bone marrow cells. Virus from the serial passage, designated SHIV-E-P4, produced depletion of CD4 ϩ T cells in peripheral blood and lymph nodes. In vitro assessments in cell culture systems were performed to determine whether the serial passage produced a phenotypic change(s) in the virus. Passaged SHIV-E-P4, like the SHIV-E-CAR parental clone, utilized the CXCR4 but not the CCR5 coreceptor. Also, SHIV-E-P4 replicated to about twofold-higher levels in rhesus PBMC cultures than did the SHIV-E-CAR clone. The significance of this small difference in replication in vitro remains to be determined.
Studies on various SHIV clones and strains containing env genes of subtype-B HIV-1 isolates have focused on the relationships of virus load and the potential for causing fatal immunodeficiency. Levels of viremia at 2 to 4 weeks p.i. and after this initial stage appear to be predictive of the pathogenic potential of lentiviruses in macaques (22, 46, 53) . In two i.v.-inoculated macaques, the SHIV-E-CAR clone exhibited peak levels in plasma of 1 ϫ 10 7 to 3 ϫ 10 7 viral RNA copies per ml (Fig. 3A) . At 8 weeks p.i. and thereafter, these levels declined to less than 1.5 ϫ 10 3 copies per ml. The serially passaged virus, SHIV-E-P4, showed initial plasma virus levels of 4 ϫ 10 to 6 ϫ 10 7 copies per ml in two i.v.-infected macaques; however, the virus load declined to less than 1.5 ϫ 10 3 copies per ml at 8 weeks p.i. Thus, serial passage of the SHIV-E-CAR clone did not dramatically augment the virus load at primary infection in recipient animals, although serial passage produced a virus that caused CD4 ϩ T-cell depletion. Other investigators reported that serially passaged pathogenic SHIV containing subtype-B env genes exhibited about 5 ϫ 10 5 copies of viral RNA in plasma in the chronic stage of infection (46, 53) . Because of the low virus load in the chronic stage of infection with SHIV-E-P4, this virus may not be as pathogenic as subtype-B SHIV strains (e.g., SHIV-89.6P) (46) . However, the absolute number of plasma viral RNA copies in HIV-1-infected humans who progress to AIDS is similar to that in SHIV-E-P4-infected macaques (23, 47, 50) . Longer observation periods will be required to determine the relationships of virus load and pathogenesis and to compare subtype-B and subtype-E SHIV strains.
Mucosal membrane transmission of HIV-1 CAR402 was demonstrated in chimpanzees (14); however, major disadvantages of this animal model for HIV-1 infection and AIDS are high cost and limited supply of chimpanzees. We showed that the SHIV-E-CAR clone could be transmitted through vaginal mucosal membranes in two of four female macaques tested. The serially passaged virus SHIV-E-P4 infected two of two animals when inoculated by the vaginal route. Thus, serial passage is not an absolute requirement for SHIV transmission through mucosal membranes (24) . Additionally, because SHIV-E-CAR is a T-cell-tropic virus and utilizes the CXCR4 coreceptor, our results confirm the finding that macrophage tropism and CCR5 coreceptor usage by the virus are not required for lentivirus transmission through mucosal membranes. A similar conclusion was reached from studies of SIV mac -and SHIV-infected macaques in which the infectivity of the virus in dendritic cells or macrophages in vitro was not required for mucosal transmission (11, 16, 34) . However, it is possible that serial passage selects for viral variants that exhibit increased efficiency for mucosal membrane infection. Taken together, these findings indicate that macaques represent an economical and readily accessible model for investigating the viral and host factors that govern the mucosal transmission of subtype-E chimeric virus (9, 39, 52) .
All the SHIV-infected macaques in our study developed antiviral antibodies. In contrast, other investigators reported that rhesus macaques infected with pathogenic subtype-B SHIV strains did not make detectable antiviral antibodies (18, 25, 45, 51) ; notably, these animals did not show a recovery of CD4 ϩ T cells. Because the macaques infected with SHIV-E-P4 demonstrated a recovery of CD4 ϩ T cells, it is possible that antiviral antibodies reduced the rate of virus replication and allowed repopulation with CD4 ϩ T cells. Thus, detection of antiviral antibodies in these animals may be a marker for lack of simian AIDS progression. The status of cell-mediated immune responses, which might also control levels of virus, re- mains to be examined in these animals. Through a comparison of the env glycoproteins of the SHIV-E-CAR clone and serially passaged SHIV-E-P4, a small number of predicted amino acid sequence changes in the gp120 domain were noted. These changes in env could be due to immunological selection for escape variants in the host (8) . In addition, changes in gp120, as well as other parts of the viral genome, could contribute to CD4 ϩ T-cell depletion in the macaque host (19) . The chimeric clone SHIV 9466. 33 , containing the ectodomain of the subtype-E Thai isolate HIV-1 9466 , replicated in human and baboon lymphoid cells but not in rhesus macaque cells; in contrast, SHIV-E-CAR replicated efficiently in macaque cells. HIV-1 CAR402 was recovered from an infected individual from Africa, cultured in chimpanzee PBMC, and molecularly cloned (3, 13, 36) . It is possible that the growth of HIV-1 CAR402 in chimpanzee cells may have selected for a viral variant that contained an env gene, allowing for the growth of the chimeric SHIV-E-CAR clone in macaque cells. Such adaptation in vitro (i.e., passage in chimpanzee cells) may be important for producing SHIV isolates containing env genes of other HIV-1 subtypes that infect nonhuman primates.
In summary, this report demonstrates that SHIV-E-P4, derived by serial passage in macaques, will be useful for analyzing the role of the subtype-E env gene in CD4 ϩ T-cell depletion and mucosal membrane transmission. Importantly, this chimeric virus can serve as a challenge virus in the evaluation of vaccines based on HIV-1 env immunogens in nonhuman primate models. Although cross-subtype cytotoxic T-lymphocyte activity and cross-subtype neutralizing antibody have been demonstrated in HIV-1-infected individuals (5, 42, 55) , the significance of such immune responses for protection from infection is not known (12, 56) . It is likely that the most effective anti-HIV-1 vaccines will be those that induce immune responses with the strongest recognition of the virus population (i.e., subtype variants) in a particular geographic region. FIG. 6 . Replication kinetics of the SHIV-E-CAR clone and serially passaged SHIV-E-P4 in rhesus macaque PBMC. Macaque PBMC were inoculated with SHIV-E-CAR (s), SHIV-E-P4 (F), and SIV mac239 (OE) at the multiplicity of infection of 0.001. Culture supernatants were collected at 0, 4, 7, 11, and 14 days after infection and analyzed for SIV p27 by an antigen capture ELISA. E, mock infection. The data shown here for PBMC from Mmu26047 are representative for a total of three different donor animals. b Number of macaques with CD4 ϩ T-cell depletion after inoculation/total number of macaques inoculated.
c Number of macaques seroconverted/total number of macaques tested. d PCR analysis of PBMC confirmed the status of animals found negative by virus isolation.
